Desorption electrospray ionization mass spectrometry (DESI-MS) is employed in the forensic analysis of documents. Blue ballpoint pen inks applied to ordinary writing paper are examined under ambient conditions without any prior sample preparation. When coupled to an automated moving stage, two-dimensional molecular images are generated. Proof-of-principle experiments include characterization of a simulated forged number and examination of older written records. This application of DESI has advantages over extractive techniques in terms of speed and sample preservation. The effects of the desorbing solvent composition, in this case a mixture of methanol and water, and of flow rate, are evaluated. Results suggest that the solubility of the analyte (dyes Basic Blue 7, Basic Violet 3 and Solvent Blue 26) plays an important role in desorption from the paper surface.
Introduction
Forensic analysis of inks is commonly used in the authentication of questionable documents. Analysis of forged documents often starts with a determination of whether different inks have been applied to a document. Several analytical techniques have been reported for chemical characterization of ballpoint pen inks focusing on the dyes, solvents and additives.
The analytical methods traditionally applied to forensic ink often require separation of components of the initial sample. Typically, the paper is cut into small pieces and the analyte extracted with organic solvents. Sample processing of any kind destroys the sample and since preservation is an important issue, this is undesirable. Nevertheless, separation of extract may be unavoidable, and it is commonly done by thin-layer chromatography (TLC), 1, 2 liquid chromatography (HPLC), [3] [4] [5] [6] [7] [8] gas chromatography (GC) 1,2,9-11 and capillary electrophoresis (CE). 12 It is typically followed by mass spectrometry (MS) which is achieved using various ionization methods, including electrospray ionization (ESI), 13, 14 field desorption ionization (FDI), 15 laser desorption ionization (LDI) and matrix assisted laser desorption ionization (MALDI). [16] [17] [18] [19] Ambient ionization 20 represents a new family of mass spectrometry techniques in which ions are generated under ordinary ambient conditions in their native environment, without any sample preparation or pre-separation. These methods are typified by desorption electrospray ionization (DESI) 21 and direct analysis in real time (DART). 22, 23 Non-MS ambient analysis techniques include infrared reflectance (IRR), infrared luminance (IRL) 2 and Raman spectroscopy (RS). 24, 25 These methods are based on the transmission, reflection and fluorescent spectra in the range 220-900 nm, 25 and although they are faster and have higher spatial resolution than mass spectrometry based techniques, they often provide limited chemical information on the components of mixtures.
DESI is a technique in which a solvent is electrosprayed to generate charged droplets, which are directed at the analyte surface. The secondary scattered droplets/ions are then mass analyzed (Fig. 1) . The major mechanism of sample desorption and ionization from the surface involves analyte transfer from the condensed phase (on the surface) to the impacting micro droplet. 26 Many analytical applications of DESI have been described in the literature, including the analysis of drugs, [27] [28] [29] [30] [31] [32] explosives, [33] [34] [35] dyes 36 and polymers. 37, 38 DESI based small molecule characterization of complex biological matrices has also been shown. 32, [39] [40] [41] The recent development of chemical imaging methods based on DESI (''imaging DESI'') has allowed two-dimensional chemical mapping of samples. Van Berkel and Kertesz reported a practical application of DESI imaging for rhodamine dyes separated on a TLC plate. In their experiment, the spatial resolution was found to be at least 400 mm. 42 Further characterization of DESI chemical imaging indicated a similar lateral resolution. 43 Successful mapping of lipid distributions in microtome sections of rat brain represent another application of DESI based chemical imaging. 44 Here, we present a new application of imaging DESI to the forensic analysis of ballpoint pen inks. The direct chemical analysis of inks from ten different blue ballpoint pens and mass spectral two-dimensional images of a forged text and an older document are used to investigate the potential of imaging DESI in forensic analysis. The limitations of DESI as a direct analytical technique and the impact of analyte composition and desorbing solvent are also addressed.
Experimental Pens and paper
The inks in ten blue ballpoint pens (labeled A-J, Table 1 ) were chemically characterized by DESI. All pens were purchased locally and were commercially available in the USA at the time of analysis. The effect of different paper surfaces on ink desorption and the quality of the mass spectra were also investigated. The following types of paper were used: glossy photographic paper (brilliant gloss, 260 g m For initial characterization, a 1.5 mm spot of each ink was applied manually to a piece of laser printer paper and a mixture of methanol : water in different proportions was directly sprayed at the ink spot. Full scan and collision induced dissociation (CID) tandem mass spectra of the inks and their components were acquired in a few seconds. To evaluate the reproducibility and stability of the signal generated by DESI, two sets of experiments were performed using the pen 'F' (major dye components: Basic Blue 7 and Basic Violet 3). First, four parallel lines were drawn on laser printer paper and the DESI spray was scanned across these lines. The procedure was repeated 100 times at the same point on the line and the signal was monitored as the total ion chronogram (TIC). In the next experiment, the DESI spray was simply directed at an ink spot and the signal monitored for 30 min to assess the stability of the DESI signal.
To demonstrate the applicability of imaging DESI to forensics, the number ''1432'' was hand-written on print paper using pen 'C' (major components: Basic Blue 26 and Basic Violet 3). After 2 h drying time, the characters ''43'' were modified using pen 'E' (major components: arylguanidines, Basic Blue 26 and Solvent Blue 2) to generate the number ''98''. The surface of the new number ''1982'' (area 16.7 mm x 6 mm) was chemically mapped as described below. Finally, to verify the application to older documents, a sample area (42.3 mm x 8 mm) of an index card from 1981 was mapped.
Mass spectrometry
All DESI-MS data were acquired in the profile mode using a Thermo Fisher LTQ (San Jose, CA, USA) linear ion trap mass spectrometer, equipped with a custom-built automated DESI ion source based on the Prosolia Incorporated (Indianapolis, IN, USA) design. The DESI automated stage moves in an x,y plane in relation to a static extended bent capillary (Fig. 1) . 43 Basic Violet 3, a coloring agent found in pen 'A', mass to charge ratio (m/z) 372, was used to auto-tune the LTQ mass spectrometer at the beginning of the experiment. All experiments were then conducted without further re-optimization. Most of the dyes present in ballpoint pen inks are basic or cationic, therefore spectra were collected in the positive ion mode. Mass spectra of blank paper spots were subtracted from those of the ink spots to clearly record data for compounds arising just from the ink. The LTQ operating parameters were as follows: spray voltage, 5 kV; automatic gain control, off; MS injection time, 250 ms; 2 microscans were summed. The DESI source conditions were: nitrogen sheath gas pressure, 7 bar; incident angle (a), 52u to surface; tip-to-surface (d 1 ), 2 mm; and tip-to-inlet (d 2 ), 3 mm (Fig. 1) ; scattering angle (b) ca. 10u to surface. Mixtures of methanol : water in different ratios (v/v) were sprayed at volumetric flow rates of 1-10 ml min 21 delivered by the instrument syringe pump.
The set of four parallel lines were continuously scanned in the x-direction at a surface velocity of 200 mm s
21
, while collecting mass spectra continuously every 0.67 s. The scanning across the lines was repeated 100 times at the same position. The extracted ion chronogram for the intact cation of the dye Basic Blue 7, m/z 478, and the average full mass spectra of the first and the one hundredth scans were compared. In a second experiment, an ink spot was sprayed for 30 min and the stability and the intensity of the signal versus time was monitored by the extracted ion chronogram for the dye Basic Blue 7, and the average full mass spectra from 1.5 and 30 min were recorded. For both experiments, mass spectra were acquired in the full scan mode (m/z 150-600). The image of the forged number was acquired by continuously scanning the surface in the x-direction at a surface velocity of 150 mm s 21 , while collecting mass spectra every 0.77 s in full scan mode (m/z 150-2000). Each y-direction step was 300 mm. This resulted in an array of 142 6 16 points, equivalent of 2272 mass spectra (file size 92 Mb), which was collected in 30 min. The image of the sample area from the 1981 index card was acquired at the same linear velocity, however the mass spectra were collected every 0.67 s in full scan mode (m/z 150-600), and the y-direction step was 200 mm allowing an array of 422 6 40 points (16880 mass spectra, 178 Mb) to be collected. Total acquisition time of this image was 3 h 09 min. Some ideas for increasing the speed of the process are presented in the discussion section. All experiments were performed by spraying methanol : water (9 : 1 v/v) at a flow rate of 1.5 ml min
. The freeware Biomap 45 was used to create the molecular image in two-dimensional coordinates using in-house created software, Converter_v3.0, to translate Thermo Fisher LTQ '.raw' files into a format compatible with the imaging software BioMap. To obtain a better aspect ratio of the original image, two consecutive columns (two consecutive mass spectra) were averaged using the same Converter_v3.0 software for the first experiment. This resulted in an array that was 71 6 16 points, or 1136 mass spectra (file size 46 Mb).
Results and discussion

Ink analysis
The major dyes identified in pens A-J are Basic Violet 3, Basic Blue 7, Solvent Blue 26, and Solvent Blue 2, as summarized in Table 1 . Chemical structures are presented in Scheme 1. The presence of homologous impurities in commercial preparations of azodyes is well known and they are evident in these data; for instance, the m/z 456 ion is the trimethyl homologue of Basic Blue 26 and the m/z 450 ion is the tetraethyl homologue of Basic Blue 7. Other ink constituents, such as arylguanidines, dipropyleneglycol, phenoxyethoxyethanol and polyethylene glycols, were also detected. These results are consistent with previous work using direct infusion of ink through a traditional ESI source. 13 No significant difference in signal intensity was found when a small ink mark was printed on laser printer paper, photographic glossy paper or envelope paper and examined by DESI. However, a polymer coating was evident in spectra taken from non-spotted areas of the glossy photographic paper; it was identified as sodiated polyethylene glycol (PEG300, n = 5 to 9) by a series of characteristic ions in the DESI spectrum, starting at m/z 261 and separated by 44 Da. 46 A polymer coating is commonly applied to glossy inkjet papers to act as pigment dispersant. The mass spectra of blank areas of each paper are shown in Fig. 2 . In the ink analysis, altering the flow rate of the desorbing solvent was shown to alter the quality of the spectra. The best analyte signal was obtained using low volumetric flow rates (1-3 ml min
21
). Higher flow rates (¢5 ml min 21 ) spread the ink spot, resulting in the undesirable destruction of the sample. Using minimum background noise and highest peak stability as criteria, ink spots were examined with several desorbing spray mixtures. Fig. 3 shows that the best results were found when methanol was the major solvent constituent. Specifically, the analysis of the inks from two different pens using different ratios of methanol : water (1 : 9; 1 : 1; and 9 : 1 (v/v)) indicates that a 1 : 9 mixture of solvent predominantly desorbs sodiated tetraethylene glycol (m/z 217) present in the pen 'C', and sodiated polyethylene glycol (m/z 173, 217, 261, 305, 349, 393 and 437) from pen 'E' ink. Increasing the percentage of methanol in the mixture results in the increased desorption of the positively charged dyes Basic Violet 3 (m/z 372) and Basic Blue 26 (m/z 470, pen 'C') or the dye Solvent Blue 2 (m/z 484, pen 'E'). These results show that although the intensities were similar (10 3 arbitrary units), the type of analytes desorbed from a surface is dependent on the choice of spray solvent. In other words, the use of DESI for analytical characterization must be performed with the realization that the spectra represent a solvent dependent snapshot of the sample. The quality of spectra obtained by DESI with different solvents from different inks was very good, with signal intensities in the 10 3 -10 4 range and unit resolution of peaks. This allowed clear distinction of the dyes, homologues, and additives. The optical images of parallel lines before the first scan (Fig. 4, A1 ) and after the 100th scan (Fig. 4, A2) show only small changes. The quality of the scans can be compared by the extracted ion chronogram for the first scan (Fig. 4, B1 ) and the 100th scan (Fig. 4, B2) , as well as by the average full mass spectra of the first scan (Fig. 4, C1 ) and the 100th scan ( Fig. 4, C2) . In terms of intensity, the 100th scan is one order of magnitude lower than the 1st, however the quality of the spectrum still allows ready characterization of the ink components. When the DESI spray is positioned on an ink spot for a long time, the signal intensity drops rapidly, eventually becoming stable at about 30 min. As in the line experiments, the full mass spectra after 30 min of data acquisition are one order of magnitude lower than the maximum (Fig. 4, D) . This low level of depletion of the sample allows, if necessary, the employment of other destructive techniques for complementary information after DESI analysis. Fig. 5B . The overlay of the images of the two dyes ( Fig. 5A and Fig. 5B ), combining the two images, was performed using BioMap Software 45 and is shown in Fig. 5C . This overlaid image matches the optical image in Fig. 5D . Note that even in areas where the inks were overlapped (top-left of the character ''4'' and middle part of the characters ''4'' and ''8''), they could be distinguished. Fig. 6 demonstrates the application of imaging DESI to a 25 year old note written on a 30 6 50 note card. The major components identified were Basic Blue 7 and Basic Violet 3. The products of oxidative demethylation of Basic Violet 3 (m/z 358, 344, 330, 316 and 302) were evident and correspond to those observed in 24 h accelerated aging UV irradiation. 17 Although the aging of ink is not addressed in the present study, imaging DESI is potentially applicable to this type of investigation too.
Tandem mass spectrometry (MS/MS) was employed for initial ink characterization (data not shown); it could readily be employed if further confirmation of the identification of the analyte was required. A typical situation would be the application of imaging DESI to red ballpoint pens. Rhodamine dyes 6G and B are isomers (cations, m/z 443) and both are present in red ink formulations. 13, 47 Product ion spectra of m/z 399 (neutral loss of CO 2 from rhodamine B) and m/z 415 (neutral loss of ethylene from rhodamine 6G) can be used for differentiation of these two inks.
Methods based on extractions and separations like HPLC and TLC are time consuming and the document, or parts of it, must be destroyed to perform the solvent extraction. Other mass spectrometry based methods like MALDI avoid this drastic step but still require some sample modification through the matrix addition. These procedures reduce the throughput of analyses and should be avoided if possible.
A comparison of DESI to published DART results 23 suggests that the unique imaging capability of DESI may find wide applicability for the analysis of inks. The application of the DESI moving stage allows non-destructive analysis of written inks (Fig. 6) . Furthermore the application of the moving stage enables in situ analysis of written documents and provides position-specific mass spectra. The types of analytes that can be characterized by DESI are only limited by the choice of solvent which one uses during analysis (Fig. 3) . The DESI based analysis produces a drop in intensity to approximately 10% of the signal in the course of a long experiment, however, this signal is stable for up to 30 min (Fig. 4D) . The images presented ( Fig. 5D and Fig. 6B ) required 30 min and 3 h 09 min for acquisition, respectively. The total time of acquisition depends of the resolution and the size of the image. The total areas covered for Fig. 5D then would one fully map the particular characters of interest. Fig. 7 shows an optical image (Fig. 7A ) of a forged number as well as the extracted ion chronogram of Solvent Blue 2 ( Fig. 7B ) and Basic Violet 3 (Fig. 7C ) from one line scan. The presence of Solvent Blue 2 only in characters ''9'' and ''8'' immediately reveals the region of interest and points to these two characters for full mapping. Two line screens would require approximately 3.5 and 10 min for Fig. 5D and Fig. 6B , respectively.
Since more than 75% of the mapped areas in the above typical experiments are blank, another improvement would be to map only areas bearing an ink trace. This would considerably increase the speed of the process and decrease the amount of data collected. It could be performed by the use of an ''intelligent interface'', software controlled and based on data-dependent analysis. For instance, if after some steps in the x-direction no signal is acquired, the spray could be programmed to automatically return to the original x,y position and re-start the acquisition after an iteration in the y-direction. Such an intelligent interface would be particularly useful when no optical images are available, making it possible to image the samples based only in the signal coming from the surface.
Another approach would be the use of an optical image as the template for mapping the MS ink trace. The optical image could be employed in real time (a camera on the top of the document provides an optical based image at the same time the chemical based image is generated), or pre-scanned (the image is initially scanned in a different instrument and then transferred and used by DESI software motion control). Even without these improvements, considering the area covered and the resolution, a DESI image is obtained in a reasonable time, making this a versatile, widely applicable chemical imaging technique.
Besides the time required to record the image, another limitation of this method is that more than one solvent, consequently more than one run, may be necessary for differentiation of the inks. As demonstrated in Fig. 3 , the solubility of ink components is extremely important. Some components are hydrophilic, others hydrophobic, and this situation requires more than one run with appropriate solvents. Several studies already show the solvent composition as an important parameter for DESI analysis. 27, 28, 31, 32, 35 However, to our knowledge this is the first case in which selective pick-up based just on solvent solubility has been demonstrated.
In conclusion, we have demonstrated the first applications of imaging desorption electrospray ionization to forensic analysis. As presented in the introduction, several methods are available for ink analysis, each having advantages and limitations. Association of these methods is sometimes required for identification or characterization of the inks, and coupling DESI to orthogonal optical experiments, e.g. DESI and fluorescence, can be performed simultaneously and would provide complementary information making the technique even more powerful for ink discrimination.
Imaging DESI has the advantage that no sample preparation is required, that the method is non-destructive, and that it allows confident analysis of questionable documents. Further improvements in automation and the coupling of DESI to orthogonal spectroscopic techniques should be investigated since this has the potential to make the technique even faster and more robust for routine analysis.
